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The luminescence processes of metal complexes are complicated by intramolecular charge (energy) transfer from the metal to the 
ligand or from the ligand to the metal. The charge transfer strongly influences the excited state of the ligand and its luminescence 
characteristics. The luminescence characteristics of tris(8-hydroxyquinoline) aluminum (Alq3) and tris(8-hydroxyquinoline) gal-
lium (Gaq3) are investigated to reveal the effect of the metal ion on the ligand. Emission from the complexes shows a significant 
red shift as the size of the metal ion increases from Al to Ga because of more efficient charge transfer from the metal to the ligand. 
Theoretical calculations on the structure and transition characteristics of the excited states of Alq3 and Gaq3 were performed. The 
calculated emission wavelength agrees with the experimental value and the effect of the metal electron cloud on the emission 
wavelength is clarified. 
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Organic semiconductor materials attract significant attention 
because of their huge potential as the active layer in optical 
electronics applications, such as organic light emitting diodes 
(OLEDs), organic thin film transistors and organic solar cells 
[1–4]. The realization of high performance organic optoelec-
tronic devices strongly depends on the development of novel 
materials. Some basic and key issues that strongly affect the 
performance of organic electronic devices, such as charge 
carriers and transfer, exciton dissociation, molecular ar-
rangement on different substrates and evaporation conditions, 
have been studied intensively [5–7]. However, the dynamic 
process of the conversion between electricity and light in a 
single molecule is still not clearly understood. 
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Since Tang and VanSlyke [8] first reported that the metal 
complex tris(8-hydroxyquinoline) aluminum (Alq3) exhib-
ited efficient green light emission more than twenty years 
ago, Alq3 has become one of the most popular materials in 
OLEDs. Following the success of Alq3, a series of metal 
complexes with the same ligand, including 8-hydroxyquino- 
latolithium [9], tris(8-hydroxyquinoline) gallium (Gaq3) 
[10], and bis(8-hydroxyquinoline) zinc [11], have been 
synthesized and used as the active layer in organic electron-
ics. Metal complexes can be classified as one of the follow-
ing two kinds: (i) complexes that exhibit relatively intense 
luminescence in the solid state and in solution at room tem-
perature because of metal-to-ligand charge transfer (MLCT) 
transitions, with the ligand as the luminescent center [12], 
or (ii) complexes whose luminescence arises from ligand- 
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to-metal charge transfer transitions, with the metal ions as 
the luminescent center [13]. The former could be classified 
as fluorescent and phosphorescent materials, according to 
the effect of the metal ion on the electronic spin of the ex-
cited state of the ligand. Phosphorescent materials are the 
most effective because they can harvest both singlet and 
triplet excitons for the heavy ion effect, which leads to the 
potential for achieving 100% internal quantum efficiency 
[14,15]. The luminescence of the ligand is strongly affected 
by the electron cloud overlapping between the ligand and 
metal ion. For organic materials with the metal ion as the 
luminescent center, transition metal ions are always che-
lated with ligands that possess broad and intense absorption 
bands. The luminescence of the transition metal ion origi-
nates from the intramolecular energy transfer of excitation 
energy from not only the triplet state but also the singlet 
state of the ligand [16]. Lehn [17] named this phenomenon 
the “antenna effect” and proposed that such complexes 
could be seen as molecular light conversion devices because 
they are able to transform light absorbed by the ligand into 
light emitted by the metal ion via intramolecular energy 
transfer. Regardless of the direction of charge transfer, the 
overlap of the electron cloud between the metal and ligand 
strongly determines the efficiency of intramolecular charge 
transfer. It is known that the radius of electrons around the 
nucleus increases with atomic number in the same group, 
while the restriction on outer electrons by the nucleus be-
comes weaker. This means that the charge transfer (related 
to the overlap of the electron cloud) may be more efficient 
within metal complexes containing chelated ligands. For 
complexes containing the same ligand coordinated to dif-
ferent metal ions, such as copper phthalocyanine [18], zinc 
phthalocyanine [19], tin phthalocyanine and cobalt phthal- 
ocyanine [20,21], the diversity of their optical and electrical 
characteristics can be attributed to the effect of the metal ion 
on the phthalocyanine ligand. 
In this paper, the effects of the metal electron cloud on 
the luminescent characteristics of the fluorescent materials 
Alq3 and Gaq3 were investigated. Experimental results re-
vealed that the emission wavelength of Gaq3 is longer than 
that of Alq3 despite their similar molecular structure, and 
that emission occurs on the same ligand with different elec-
tron cloud structures. Although a previous study indicated 
that the emission properties of the ligand dominate the 
fluorescence of the complexes [22], this study showed that 
the central metal ion does influence the emission properties 
of these materials. Quantum chemistry calculations were 
used to examine the geometric and electronic structure of 
the lowest excited states of the two molecules to interpret 
the effect of charge transfer from the metal to the ligand on 
the luminescence characteristics of organic semiconductors 
chelated to metal ions. 
1  Experimental 
Indium tin oxide (ITO)-coated glass substrates with a sheet 
resistance of 60 Ohm/□ were cleaned in an ultrasonic bath 
containing acetone, ethanol and deionized water sequen-
tially. The organic semiconductors, Alq3, Gaq3 and 
N,N′-bis-(1-naphthyl)-N,N′-1-diphenyl-1,1′-biphenyl-4,4′-di
amine (NPB) were purchased from Shanghai HanFeng 
Chemical Scientific Co., Ltd. Thin films of these materials 
were fabricated by thermal evaporation at a rate of about 0.6 
Å/s under a high vacuum of 2×10−4 Pa. The thicknesses of 
the deposited films were measured with a quartz-crystal 
microbalance. The top Al electrode (100 nm) was prepared 
by thermal evaporation with a shadow mask. The active 
emission area of the devices was about 0.1 cm2. Spectra 
were measured on a Spex Fluorolog-3 spectrophotometer 
(Jobin Yvon) under ambient atmosphere. The optical power 
and current-voltage (I-V) characteristics were measured 
with I-V-L measurement system and a Keithley source me-
ter 2410. The chemical structures of the organic materials 
used are shown in Figure 1. 
2  Computational methods 
Studies of the excited state properties using the configura-
tion interaction singles (CIS) method tend to overestimate 
the electronic transition energies. Multi-reference ap-
proaches such as coupled-cluster with single and double 
excitations (CCSD) [23], and complete active space 
self-consistent field (CASSCF) [24–26] methods allow very 
accurate estimates but are limited to small systems because  
 
Figure 1  The chemical structures of Gaq3, Alq3 and NPB. 
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of their large computational cost [27]. An alternative ap-
proach that is feasible to use is time-dependent density 
functional theory (TD-DFT) [28]. In particular, the recent 
availability of TD-DFT analytical gradients provides direct 
access to the structure and properties of electronically ex-
cited states at a reasonable computational cost and with re-
liable accuracy. 
In this study, the first singlet excited state (S1) structures 
of the molecules were optimized using TD-DFT methods. 
The Kohn-Sham equation was calculated with the hybrid 
B3LYP function [29], which is considered as a standard for 
DFT calculations [30]. Vertical transition energies were 
evaluated at the TD-B3LYP level of theory. The LANL2DZ 
[31] basis set, which includes effective core potentials, was 
used for both Alq3 and Gaq3. All of the calculations were 
carried out using the Gaussian 09 program.  
3  Results and discussion 
The photoluminescence (PL) and absorption spectra of thin 
films of Alq3 and Gaq3 on quartz substrates are shown in 
Figure 2. These two materials show absorption peaks in 
similar positions but with different absorption coefficients. 
The thin films of Alq3 exhibit stronger absorption at about 
270 and 400 nm than those of Gaq3 with the same thickness. 
The weaker absorption of the thin films of Gaq3 results in 
poorer PL performance; in Figure 2, the PL intensity of 
Gaq3 is normalized with that of Alq3 under the same meas-
urement conditions. For Alq3 and Gaq3, the emission results 
from radiative decay of the excited singlet state of the 
8-hydroxyquinoline ligands, which is influenced by the 
metal ion. Charge transfer from the Ga ion to 
8-hydroxyquinoline should be more effective than that from 
the Al ion. The PL emission peak of Gaq3 appears at about 
546 nm, which is at much longer wavelength than that of 
Alq3 at 520 nm. The difference can be attributed to the dif-
ferent shape of the frontier molecular orbitals of 
8-hydroxyquinoline due to the presence of the chelated 
metal ion, which is rationalized as follows. It is generally 
considered that central metal ions play two kinds of roles: 
(i) decreasing intramolecular vibration and increasing the 
energy of the radiative transition; and (ii) modulating the 
excited state of the ligand through charge transfer. Uncoor-
dinated 8-hydroxyquinoline does not show any emission 
because of its intramolecular freedom (not given in this pa-
per). The introduction of metal ions effectively reduces the 
loss of intramolecular energy and facilitates strong emis-
sion. 
Figure 3 shows the electroluminescence (EL) power de-
pendence of OLEDs with the structure ITO/NPB/Gaq3/Al 
and ITO/NPB/ Alq3/Al on the driving voltage. The EL in-
tensity of the Alq3 device is stronger than that of the Gaq3 
device under the same driving voltage. The EL intensity 
depends on not only the balance of charge carriers injected  
 
Figure 2  Absorption and PL spectra of thin films of Gaq3 and Alq3 on 
quartz substrates. 
 
Figure 3  Optical power dependence of devices containing Gaq3 or Alq3 
on the driving voltage. The inset shows the J-V characteristics of these 
devices. 
from both electrodes but also the internal quantum effi-
ciency of the emissive materials. The inset in the Figure 3 
shows the current density dependence on the driving voltage 
for these two kinds of devices. The PL experimental results 
show that luminescent efficiency of Alq3 is higher than that 
of Gaq3. For these two kinds of EL devices, the charge car-
rier recombination zone is confined in the Alq3 or Gaq3 
layer and the NPB layer acted as a hole transporting layer. 
Both devices should have a similar amount of holes injected 
because the hole injection process from anode is the same; 
however, the current density of the device containing Alq3 
as the active layer is larger than that of the device with 
Gaq3, which is attributed to the injection of more electrons 
from the cathode to the Alq3 layer. 
In Table 1, the experimental and theoretical emission 
wavelengths (in nm) for Alq3 and Gaq3, which were com-
puted using the TD-B3LYP/LANL2DZ method based on the  
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a) Calculated with TD-B3LYP/6-31+G(d,p)//CIS/6-31G [32]; b) calcu-
lated with TD-B3LYP/6-31G(d)//CIS/6-31G(d) [33]; c) calculated with TD- 
B3LYP/6-31G+(d)//CIS/6-31G(d) [33]; d) experimental value [34]. 
Table 2  Frontier orbital energies (in eV) calculated using TD-B3LYP/ 
6-31G(d) 
Orbital energy (eV) 
Material 
111 112 114 115 117 118 
Alq3 −6.259 −5.987 −4.245 −2.993 −1.333 −1.252 
Gaq3 −6.095 −5.959 −4.109 −3.102 −1.415 −1.170 
 
optimized geometries at the same theoretical level, are 
summarized. To the best of our knowledge, this is the first 
TDDFT study on the excited state of Gaq3. It can be seen 
that the emission peak of Gaq3 is at longer wavelength than 
that of Alq3 both theoretically and experimentally. For Alq3, 
the predicted emission energy is ca. 2.34 eV, corresponding 
to ca. 529 nm, which is in close agreement with the experi-
mental value of 2.38 eV (520 nm). Also shown in Table 1 
are emission wavelengths calculated using TD-B3LYP/ 
6-31G(d) and data obtained by other groups, which were 
calculated at the TD-B3LYP level of theory using a spheri-
cal 6-31G basis set and optimized geometries obtained us-
ing the CIS method. The difference between the calculated 
data obtained previously and the experimental value is larger 
than that between our experimental and theoretical results, 
which indicates that the geometries of the excited states ob-
tained using the CIS method are not as accurate as those cal-
culated by TDDFT [15]. Moreover, the LANL2DZ basis set 
is more suitable for the calculation of the excited state of 
Alq3 than the 6-31G (d) basis set. For Gaq3, the calculated 
emission energy is ca. 2.30 eV, corresponding to ca. 539 nm, 
which is also in good agreement with the ex-
perimental result at 2.27 eV (546 nm).  
The shapes of the frontier molecular orbi-
tals (FMOs), which are related to the emission 
wavelength, for the lowest excited states of 
Alq3 and Gaq3 are shown in Figures 4 and 5, 
respectively. The shape of the FMOs of the S1 
states shows some differences between Alq3 
and Gaq3, especially for orbitals 111 and 112, 
which exhibit a larger electronic distribution 
in Gaq3 than Alq3. As seen from Table 1, Alq3 
emission arises from the orbital transitions 
from 115→112 and 118→114 (Orbital 115 is 
the highest occupied molecular orbital) and 
emission from Gaq3 corresponds to the orbital 
transitions from 115→111, 115→112, 
117→114 and 118→114. Moreover, the or-
bital energy (Table 2) is higher in Gaq3 than 
the equivalent orbital in Alq3 and the energy 
gap is smaller in Gaq3. The difference in the 
electronic distribution and energy gap deter-
mines the energy of the orbital transition, and 
ultimately the red shift of emission in Gaq3 is 
compared with that in Alq3. 
4  Conclusion 
The luminescent characteristics of Alq3 and 
Gaq3 were studied by both experimental in-
vestigation and theoretical calculation, with 
the first example of a TDDFT calculation of 
the excited states of Gaq3. The difference in the 
 
Figure 4  The frontier orbitals of Alq3 calculated using TDDFT/LANL2DZ level of theory. 
 
Figure 5  The frontier orbitals of Gaq3 calculated using TDDFT/LANL2DZ level of theory. 
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electronic transition energy between experimental and theo-
retical values is very small, less than 0.04 eV, which con-
firms the accuracy of our calculations. It was found that the 
emission wavelength exhibits a significant red shift as the 
size of the metal ion increases. The theoretical calculation 
shows that the differences in the electronic distribution and 
energy gap cause the red shift of emission from Gaq3 com-
pared with that from Alq3. 
This work was supported by the National Natural Science Foundation of 
China (10804006, 21003009, 21074055 and 10774013), the National 
Natural Science Fund for Distinguished Young Scholars (60825407), the 
National Basic Research Program of China (2010CB327704), the Natural 
Science Foundation of Beijing (1102028), 111 Project (B08002), the NUST 
Research Funding (2010ZDJH04), Beijing Jiaotong University (2009J- 
BZ019-4 and 2007RC078), the State Key Laboratory of Crystal Materials, 
Shandong University (KF0806) and Beijing National Laboratory for Mo-
lecular Sciences. The first author also thanks the financial support from 
Double Hundred Talent Plan of Beijing Jiaotong University. 
1 Hung L S, Tang C W, Mason M. G. Enhanced electron injection in 
organic electroluminescence devices using an Al/LiF electrode. Appl 
Phys Lett, 1997, 70: 152–154 
2 Chen H Y, Hou J H, Zhang S Q, et al. Polymer solar cells with enhanced 
open-circuit voltage and efficiency. Nat Photonics, 2009, 3: 649–653 
3 Dimitrakopoulos C, Malenfant P. Organic thin film transistors for 
large area electronics. Adv Mater, 2002, 14: 99–117 
4 Zhang F J, Sun F Y, Shi Y Z, et al. Effect of an ultra-thin molybdenum 
trioxide layer and illumination intensity on the performance of organic 
photovoltaic devices. Energ Fuel, 2010, 24: 3739–3742 
5 Kadashchuk A, Schols S, Vakhnin A, et al. Triplet dynamics and 
charge carrier trapping in triplet-emitter doped conjugated polymers. 
Chem Phys, 2009, 358: 147–155 
6 Marchiori C F N, Koehler M. Dipole assisted exciton dissociation at 
conjugated polymer/fullerene photovoltaic interfaces: A molecular study 
using density functional theory calculations. Synth Met, 2010, 160: 643–650 
7 Zhang F J, Vollmer A, Zhang J, et al. Energy level alignment and 
morphology of interfaces between molecular and polymeric organic 
semiconductors. Org Electron, 2007, 8: 606–614 
8 Tang C W, VanSlyke S A. Organic electroluminescent diodes. Appl 
Phys Lett, 1987, 51: 913–915 
9 Lee Y, Kim J, Kwon S, et al. Interface studies of aluminum, 
8-hydroxyquinolatolithium (Liq) and Alq3 for inverted OLED appl- 
ication. Org Electron, 2008, 9: 407–412 
10 Hernández I, Gillin W P, Somerton M. Spectroscopic study of Mq3 
(M=Al, Ga, In, q=8-hydroxyquinolinate) at high pressure. J Lumin, 
2009, 129: 1835–1839 
11 Sapochak L S, Benincasa F E, Schofield R S, et al. Electroluminescent 
zinc (II) bis(8-hydroxyquinoline): Structural effects on electronic states 
and device performance. J Am Chem Soc, 2002, 124: 6119–6125 
12 Guo J H, Wu Y, Ye K Q, et al. Electroluminescent property of 
tetrakis(phenyl)porphyrin carbonyl ruthenium (II). Chinese Sci Bull, 
2004, 49: 1816–1819 
13 Zhang F J, Zhao S L, Xu Z, et al. How to restrain electroplex 
emission and enhance red emission intensity of Eu3+ complex? Opt 
Mater, 2007, 30: 427–430 
14 Jung S O, Zhao Q, Park J W, et al. A green emitting iridium (III) complex 
with narrow emission band and its application to phosphorescence organic 
light-emitting diodes (OLEDs). Org Electron, 2009, 10: 1066–1073 
15 Minaev B. Theoretical study of the external heavy atom effect on 
phosphorescence of free-base porphin molecule. Spectrochim Acta A, 
2004, 60: 3213–3224 
16 Crosby G A, Alire R M. Intramolecular energy transfer in rare earth 
chelates. Role of the triplet state. J Chem Phys, 1961, 34: 743–748 
17 Lehn J M. Supramolecular chemistry: From molecular information 
towards self-organization and complex matter. Rep Prog Phys, 2004, 
67: 249–265 
18 Huang J, Yu J S, Lin H, et al. Polaron-pair-ependent equivalent cir-
cuit parameters of organic solar cells based on CuPc and C-60. Chi-
nese Sci Bull, 2010, 55: 1317–1324 
19 Chen J W, Shen Y, Zhang J C, et al. Photoelectric properties of solu-
ble ZnPc-epoxy derivative doped with C60. J Mater Sci Tech, 2006, 
22: 549–551 
20 Baran J D, Larsson J A, Woolley R A J, et al. Theoretical and ex-
perimental comparison of SnPc, PbPc, and CoPc adsorption on Ag 
(111). Phys Rev B, 2010, 81: 075413 
21 Zheng X Y, Pang E G, Li H Q, et al. The role of cupric in maintain-
ing the structure of CopC. Chinese Sci Bull, 2007, 52: 743–747 
22 Sugimoto M, Anzai M, Sakanoue K, et al. Modulating fluorescence 
of 8-quinolinolato compounds by functional groups: A theoretical 
study. Appl Phys Lett, 2001, 79: 2348–2350 
23 Da Silva J V, Vidal L N, Vazquez P A M, et al. Coupled cluster and 
configuration interaction quantum calculations of infrared fundamen-
tal intensities. Int J Quantum Chem, 2010, 110: 2029–2036 
24 Hampel C, Peterson K A, Werner H J. A comparison of the effi-
ciency and accuracy of the quadratic configuration interaction 
(QCISD), coupled cluster (CCSD), and Brueckner coupled cluster 
(BCCD) methods. Chem Phys Lett, 1992, 190: 1–12 
25 Samanta K, Yeager D L. Obtaining positions and widths of scattering 
resonances from a complex multi configurational self-consistent field 
state using the M-1 method. Int J Quantum Chem, 2010, 110: 798–812 
26 Samanta K, Yeager D L. Investigation of 2P Be− shape resonances using 
a quadratically convergent complex multiconfigurational self-consistent 
field method. J Phys Chem B, 2008, 112: 16214–16219 
27 Jacquemin D, Wathelet V, Perpete E A, et al. Extensive TD-DFT 
benchmark: Singlet-excited states of organic molecules. J Chem 
Theory Comput, 2009, 5: 2420–2435 
28 Bai F Q, Xia B H, Zhang H X, et al. DFT evaluation of the electronic 
structures and spectroscopic properties of the self-assembled [Pt2M4(C≡
CH)8] (M=Cu, Ag) clusters. Sci China Ser B-Chem, 2009, 52: 1954–1960 
29 Becke A D. Density-functional thermochemistry III. The role of exact 
exchange. J Chem Phys, 1993, 98: 5648–5652 
30 Jacquemin D, Perpete E A, Ciofini I, et al. Accurate simulation of 
optical properties in dyes. Accounts Chem Res, 2009, 42: 326–334 
31 Hay P J, Wadt W R. Ab initio effective core potentials for molecular 
calculations. Potentials for K to Au including the outermost core or-
bitals. J Chem Phys, 1985, 82: 299–310 
32 Dong S H, Wang W L, Yin S W, et al. Theoretical studies on charge 
transport character and optional properties of Alq3 and its difluori-
nated derivatives. Synthetic Met, 2009, 159: 385–390 
33 Zhang J P, Frenking G. Quantum chemical analysis of the chemical 
bonds in tris(8-hydroxyquinolinato)aluminum as a key emitting ma-
terial for OLED. J Phys Chem A, 2004, 108: 10296–10301 
34 Zhang F J, Xu Z, Zhao S L, et al. Improved performance of organic 
light emitting diodes by pentacene as hole transporting layer. Appl 
Surf Sci, 2008, 255: 1942–1945 
 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited. 
